We developed moment analysis of affinity kinetics by chromatographic capillary electrophoresis (MKCCE) method for the kinetic study of intermolecular interactions. Association and dissociation rate constants of the interaction in a micellar electrokinetic chromatography (MEKC) system between thymol and sodium dodecylsulfate micelle were determined by the MKCCE method. It is a method based on the moment theory for the kinetic study of intermolecular interactions under the conditions that neither immobilization nor chemical modification of molecules is required. In CCE mode, experimental conditions are controlled so that the migration of solute-micelle complex is stopped and only solute molecules migrate in a capillary. Mass transfer behavior of solute molecules in the CCE system is analogous to that in a chromatographic system. However, because it was difficult in practice to really perform CE experiments under the CCE conditions, CE data were measured with changing experimental conditions, i.e., applied pressure, under the conditions that the migration velocity of solute-micelle complex was around zero. The rate constants could be analytically determined from the CE data. In the MKCCE method, it is not necessary to fit elution curves numerically calculated to those experimentally measured for the determination of the rate constants. Regarding the interaction between thymol and SDS micelles, association equilibrium constant and association and dissociation rate constants were determined as 6.35 × 10 3 dm 3 mol -1 , 5.6 × 10 4 dm 3 mol -1 s -1 , and 8.7 s -1 , respectively. It was demonstrated that the MKCCE method was effective for the kinetic study of intermolecular interactions.
Introduction
Surfactants and micelles have been used in analytical chemistry.
1,2 Micellar electrokinetic chromatography (MEKC) is one of the examples. Surfactant micelles are used as quasistationary phases to improve the performance of capillary electrophoresis (CE). It is important to study the interaction between solute molecules and surfactant micelles from the kinetic point of view for well understanding the separation mechanism of MEKC.
CE has been used for analyzing intermolecular interactions. A number of papers have been published on the determination of the association equilibrium constant (KA) between solute and ligand molecules. [3] [4] [5] [6] Some CE methods were also developed for the kinetic study of intermolecular interactions, 7 e.g., affinity capillary electrophoresis, 8 exponential decay method, 9 and kinetic capillary electrophoresis (KCE). 10, 11 In these methods, association rate constant (ka) and dissociation rate constant (kd) are determined by matching electropherograms or exponential decay curves experimentally measured to those calculated by changing the rate constants.
KCE was developed as a platform for kinetic homogeneous affinity methods. [12] [13] [14] In KCE, ka and kd were determined by fitting elution curves numerically calculated to experimental data. The macroscopic approach for studying kinetics at equilibrium (MASKE) was also developed for measuring equilibrium and kinetic parameters in the state of chemical equilibrium. 15, 16 It is required to tag a detectable label to solute or ligand molecules. It is a concern as to whether the chemical modification affects the analytical results of intermolecular interactions.
We developed moment analysis of affinity kinetics by chromatographic capillary electrophoresis (MKCCE) method as a new strategy for analyzing intermolecular interactions under homogeneous conditions in which both solute and ligand molecules are free in solution. No chemical modification, e.g., fluorescence labeling, is required for both solute and ligand molecules. In the CCE mode, experimental conditions of a CE system are controlled so that the migration of the solute-ligand complex in the longitudinal direction of a capillary is stopped. Only the solute molecules migrate and are detected. Mass transfer behavior of the solute molecules in the CCE system is analogous to that in a chromatographic system. It is expected that both the equilibrium and kinetic information about intermolecular interactions is obtained by the moment analysis from the elution peak profiles of the solute detected. We developed the moment equations, which were essential for determining ka and kd from elution peak profiles. However, because it was difficult to really conduct CE experiments under the CCE conditions, we also developed practical experimental and data analysis procedures to determine ka and kd from electropherograms measured. CE data were measured with changing experimental conditions, i.e., applied pressure, under the conditions that the migration velocity of the solute-micelle complex was around zero. The MKCCE method was applied to a concrete MEKC system using sodium dodecylsulfate (SDS) micelles. Thymol was used as a neutral solute. The reaction rate constants (ka and kd) were analytically determined for the formation and dissociation of a thymol-SDS micelle complex. In the MKCCE method, it is not necessary to fit elution curves numerically calculated to those experimentally measured when the reaction rate constants are determined. It was demonstrated that the MKCCE method (CCE method with the moment theory) was effective for the kinetic study of intermolecular interactions.
Theory

Principle of CCE
The principle of CCE is explained by taking up the reaction in the MEKC system between thymol (S) and SDS micelle (L) to form a complex (X) as one example, although the applicability of CCE is not limited to the system.
S L X
where ka and kd are the rate constants for the association of S and L and for the dissociation of X, respectively. Figure 1 shows a schematic illustration of the CCE system, in which S introduced at an injection port reacts with L to form X. Because S is neutral, S is not electrophoresed. However, X migrates toward the positive electrode because of its negative charge. Although L is also electrophoresed in the same direction, it is assumed that the concentration of L is constant because a run buffer containing SDS micelles is filled in the whole capillary. On the other hand, the run buffer itself migrates toward the negative electrode due to the electroosmotic flow (EOF). Because the velocity of EOF is faster than that of electrophoresis, not only S but also X migrates toward the negative electrode. Because S is not electrophoresed, S migrates faster than X to the right direction in Fig. 1 .
When a third flow having an appropriate direction and magnitude (a pressure-driven flow to the left direction in Fig. 1) is added under such conditions to the CE system, the migration of X in the capillary is stopped as if L is a stationary phase. When the third flow is generated by adding a pressure (Padd), the migration of X is just stopped at an appropriate applied pressure (Padd*). Under such conditions, only S migrates to the outlet of the capillary and is detected. This situation in the CCE system is analogous to that in an HPLC system. It is expected that both equilibrium and kinetic information about the intermolecular interaction between S and L can be analytically determined by the moment theory from the first absolute moment (μ1) and second central moment (μ2′) of elution peaks. We call the CE system chromatographic capillary electrophoresis (CCE) for analyzing affinity kinetics between S and L. We also developed the moment equations for determining ka and kd from μ1 and μ2′ of elution peaks.
However, it was difficult to actually perform MEKC experiments under the CCE conditions. Therefore, we also developed practical experimental and data analysis procedures to determine ka and kd from electropherograms experimentally measured. The practical experimental and data analysis procedures are explained in detail later.
Moment equations
The moment equations were developed for analyzing the elution peak profiles measured by the CCE experiments. The derivation procedure of the moment equations are explained in detail in Supporting Information. The equation for μ1 is formulated as follows.
where τ is the width of rectangular solute injection pulse, t the time, Ce(t) the function representing peak profile as a function of t, Z the effective length of the capillary, u the migration velocity of S, and CL the concentration of L. Equation (2) indicates that KA (= ka/kd) is obtained from μ1.
On the other hand, μ2′ consists of the contribution of axial diffusion of S in the capillary and that of the reaction kinetics, i.e., association between S and L and dissociation of X. 
Ce t t dt
where DL is the axial diffusion coefficient of S. Both axial diffusion and migration of only S are considered in Eqs. (2) and (3). Neither axial diffusion nor migration of X is considered because the molecular weight of X is sufficiently larger than that of S and because the migration of X is stopped under the CCE conditions. The molecular weight of SDS micelle is calculated as about 1.4 × 10 4 because that of SDS is 288 and an aggregation number of SDS micelle is about 49 (refer to Supporting Information). It is about two orders of magnitude larger than the molecular weight of thymol (150). It should be noted that Eqs. (2) and (3) are much simpler than the moment equations for chromatography because no separation media are packed in the capillary.
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The moment analysis procedure of experimental data is also much simpler in the case of CCE than HPLC.
Other moment equations were developed for CE systems, in which all the components, i.e., S, L, and X, simultaneously migrated in the capillary. 22 However, it seems that they are not suitable for practical analysis of electropherograms experimentally measured because they are mathematically too complicated. It is probably difficult for many researchers to conveniently use them for determining ka and kd. On the contrary, the introduction of the CCE concept makes the moment theory much simpler as Eqs. (2) and (3) because the migration of X is stopped under the CCE conditions.
Equations (2) and (3) indicate how the intrinsic characteristics of the elution peak profile are correlated with several fundamental parameters of the association equilibrium, mass transfer rate, and reaction kinetics under CCE conditions. As defined, the values of μ1 and μ2′ were calculated from the whole profile of elution peaks experimentally measured, not from their specific parameters, e.g., position and width at half height. This means that μ1 and μ2′ represent intrinsic characteristics of the whole peak shape. The moment equations are derived with no assumption concerning the shape of elution peaks, e.g., the elution peak profile has to be represented by a Gaussian distribution curve.
Experimental
Experimental conditions and data analysis procedures are explained in detail in Supporting Information. They are briefly explained in the following. All experiments were conducted in a MEKC system containing SDS micelles by using a CE instrument with no special modification. An electrophoresis buffer was a mixture of an aqueous phosphate buffer (20 mmol dm -3 phosphate buffer of pH = 7.1) and methanol (80/20, v/v), which contains SDS at 15.4 mmol dm -3 .
Thymol and dimethylsulfoxide (DMSO) were used as solute and EOF maker, respectively. [23] [24] [25] [26] [27] Thymol was dissolved with the mixture at 2.0 mmol dm -3 to prepare a solute solution. Five microliters of DMSO was also dissolved in 1.5 mL of the solute solution. The solute solution was injected into the capillary by a pressure pulse (0.5 psi) for 5.0 s. Electrophoresis was carried out at electric field strength of 370 V cm -1 . CE experiments were conducted with changing Padd at -0.1, 0, and +0.1 psi. Information about μ1 of thymol peaks was analyzed to determine the appropriate pressure (Padd*), at which the migration of the solute-micelle complex in the longitudinal direction of the capillary is just stopped. The values of ka and kd were determined by the moment method from μ1 and μ2′ of CE peaks of thymol and DMSO at Padd*.
Results and Discussion
Elution peak profiles Figure 2 illustrates elution peak profiles. The capillary was additionally pressurized during the CE experiments. Because of the specification of the CE instrument used, it was actually difficult to delicately adjust the magnitude of Padd. Because Padd could be adjusted with the minimum increment of 0.1 psi, Padd was changed at -0.1, 0, and +0.1 psi. The negative and positive symbols mean that the direction of the additional pressuredriven flow is opposite to and the same as the migration direction of X, respectively. The migration speed of X to the outlet of the capillary is slower at Padd = -0.1 psi and faster at Padd = +0.1 psi than at Padd = 0 psi.
It is referable for accurately determining ka and kd that the elution peak profiles are not too complicated. The elution time of thymol is longer in the order of Padd = -0.1, 0, and +0.1 psi. Accordingly, the peak of thymol is broader in the same order. Similar situations are also observed for the elution peaks of DMSO. On the other hand, the elution time of thymol is longer than that of DMSO. The peak width of thymol is also wider than that of DMSO. These observations result from the interaction of thymol with SDS micelle. DMSO does not react with SDS micelle. The difference in the position and broadening of the elution peaks between thymol and DMSO was analyzed by the moment theory to determine ka and kd of the interaction between thymol and SDS micelle.
Correlation of μ1 and μ2′ with Padd
As explained in the Supporting Information, the influence of the length of solute injection pulse and the width of detection window on the experimental values of μ1 and μ2′ was corrected to obtain their net values, although their influence was negligibly small. Their net values are plotted against Padd in Figs. 3 and 4 . The relative standard deviation for six iterative measurements of CE peaks of thymol and DMSO was 1.2 -3.0% and 0.4 -6.5% for μ1 and μ2′, respectively. As indicated in Figs. 3 and 4 , μ1 is linearly correlated with Padd. This means that the CE system was accurately pressurized with the same increment of Padd, e.g., -0.1, 0, and 0.1 psi.
Estimation of Padd*
The value of Padd* was calculated from those of μ1 measured under the three different conditions of Padd. The average migration velocity of S (vSav) in CE systems is represented as follows.
where CS and CX are respectively the concentration of S and X, vS and vX the migration velocity of S and X, respectively. The value of μ1 is represented as follows.
The second term in the denominator represents the influence of the migration velocity of X on μ1. Equation (5) is the same as Eq. (2) under the CCE conditions because X is stopped in the capillary and only S migrates. Figure 5 indicates that vS is linearly correlated with Padd. Because thymol is neutral, vS is equal to the migration velocity of DMSO, i.e., EOF velocity, which was calculated from μ1 of DMSO. Figure 6 illustrates the correlation between μ1 of thymol and the reciprocal of vS (open circles). Figure 6 indicates that a correlative straight line of the three open circles does not pass through the origin because vX is not equal to zero. In this study, Padd* was determined by a successive approximation method. As a first step, a linear correlation passing through the origin (dashed line) was assumed in Fig. 6 by neglecting the influence of vXKACL on μ1 of thymol to calculate a first estimate of KA. It was calculated as 5.15 × The first solid line in Fig. 7 indicates the correlation between Padd and vX, which was calculated by Eq. (5) from the first estimate of KA (5.15 × 10 3 dm 3 mol -1 ). Then, first estimate of Padd* was calculated as -0.040 psi from the intercept of the first solid line on the horizontal axis in Fig. 7 . The value of μ1 at the first estimate of Padd* is calculated as 1.05 × 10 3 s from Fig. 3 . The value of KA corresponding to the μ1 value was calculated as 5.82 × 10 3 dm 3 mol -1 by Eq. (5) because vX = 0 at Padd*. Similarly, the second solid line in Fig. 7 was calculated from the second estimate of KA (5.82 × 10 3 dm 3 mol -1 ). Then, the second estimate of Padd* was calculated as -0.065 psi from the second solid line in Fig. 7 Fig. 7 corresponds to the final results, which is also plotted in Fig. 5 . The two lines in Fig. 5 are approximately parallel, suggesting that vS and vX are affected by Padd in the same manner. It should be noted that Padd* (-0.082 psi) was larger than -0.1 psi. This means that X migrates toward the inlet of the capillary at Padd = -0.1 psi. However, the elution peak of thymol was measured at Padd = -0.1 psi in Fig. 2 . Even at Padd = -0.1 psi, S oppositely migrated to the outlet of the capillary and was detected. The CE system can be pressurized as long as S can be detected even though X migrates inversely to the inlet of the capillary. The value of Padd is not a comprehensive physical parameter. It is necessary only for obtaining KA, then for determining ka and kd. However, because Padd* was located between -0.1 and 0 psi, μ1 and μ2′ could accurately be calculated by interpolating the correlations in Figs. 3 and 4 .
Determination of ka and kd
The value of μ2′ of thymol at Padd* was estimated as 178 s 2 from Fig. 3 . The information about DL is necessary for determining ka and kd because, as indicated in Eq. (3), ka/kd 2 is obtained by subtracting the contribution of axial diffusion of thymol to μ2′. As explained in the Supporting Information, it seems that the flow conditions in the CCE mode bring about an additional band broadening because Padd is applied to the capillary. The value of DL should be experimentally measured in the actual CE system containing SDS micelles. The value of DL of DMSO was calculated as 2.7 × 10 -5 cm 2 s -1 from μ2′ at Padd* in Fig. 4 . According to the Wilke-Chang equation (refer to Supporting Information), 28, 29 this DL value was corrected by considering the difference in the molar volume at a normal boiling point between thymol and DMSO. Consequently, DL of thymol was estimated as 1.6 × 10 -5 cm 2 s -1 . Then, the contribution of axial diffusion to μ2′ was calculated as 26 s 2 from the estimated DL value of thymol because KA is already determined as 6.35 × 10 3 dm 3 mol -1 . The value of μ2′ was 6.8 times larger than the contribution of axial diffusion. This means that the contribution of the reaction kinetics to μ2′ is 5.8 times larger than that of axial diffusion. An error in the estimation of the DL value little influences the accuracy of the resulting values of ka and kd. In conclusion, ka and kd for the intermolecular interaction between thymol and SDS micelle were appropriately determined as 5.6 × 10 4 dm 3 mol -1 s -1 and 8.7 s -1 , respectively, by the MKCCE method.
Chemical properties of SDS micelles
It was reported for SDS micelle that the critical micelle concentration (CMC) was about 8 mmol dm -3 and the aggregation number was about 50 -60 in water. 1, [30] [31] [32] [33] [34] [35] However, the values of CMC and aggregation number of SDS micelle were experimentally measured because the run buffer used was a mixture of methanol and aqueous phosphate buffer. The CMC and aggregation number were measured as 2.1 mmol dm -3 and 49, respectively (refer to Supporting Information).
The initial concentration of SDS micelle, which was free in the run buffer, was calculated as 0.27 (= (15.4 -2.1)/49) mmol dm -3 . In Fig. 2 , the width of thymol peak at Padd = +0.1 and -0.1 psi was respectively about 30 and 75 s at about 1% peak height. The peak width was 6 and 15 times larger than that of solute injection pulse (5.0 s) under the conditions that thymol peak eluted fastest and slowest, respectively. An average concentration of thymol was calculated as 0.33 and 0.13 mmol dm -3 because the concentration of thymol in the solute injection pulse was 2.0 mmol dm -3 . It seems under equilibrium conditions that the amount of the thymol-SDS micelle complex was respectively calculated as 0.15 and 0.072 mmol dm -3 when 1:1 stoichiometry was assumed between them and that SDS micelles of 0.12 and 0.20 mmol dm -3 were free in the run buffer. It is also probable that plural thymol molecules are solubilized by one SDS micelle. The number of solubilized azo dye molecules (Mw = 232 -247) per SDS micelle was reported as 1.7 -2.1. 36 It was also reported that one SDS micelle solubilized 14 -233 molecules of n-fatty acids (Mw = 144 -228) and 8.9 - at CL = 0.1 and 1 mol dm -3 . Under such conditions, a sufficient amount of ligand must be presented in the capillary. The basic principle for analyzing intermolecular interactions is different between the MKCCE method and the other methods. All compounds can be regarded as solute or ligand irrespective of their chemical properties as long as they are treated in CE experiments. The data analysis procedure is quite easy because moment equations are mathematically simple. The values of ka and kd can be analytically determined by the moment theory from experimental CE peaks. The MKCCE method requires no special experimental skill. CE instruments commercially available can be used with no special modification. The wasteful use of reagents can be suppressed.
As described above, the MKCCE method has some advantages over other methods developed for the kinetic study of intermolecular interactions, e.g., surface plasmon resonance and fluorescence cross-correlation spectroscopy. On the other hand, the KCE method similarly has most of the advantages because it is also based on CE measurements. However, in the case of the MKCCE method, it is unnecessary to simulate elution curves by numerical calculations and to fit them to experimental data in order to determine the values of ka and kd. They can be analytically determined from experimental CE peaks by the MKCCE method. It is expected that the values of ka and kd are more accurately determined by the MKCCE method than the KCE method.
Conclusions
The CCE concept with the moment analysis theory was introduced to improve the performance of CE for the kinetic study of intermolecular interactions. However, because it was difficult to really perform CE experiments under the CCE conditions, we also developed the practical experimental and data analysis procedures to determine ka and kd. The rate constants (ka and kd) of the interaction in the MEKC system between thymol and SDS micelle were analytically determined from the μ1 and μ2′ values of CE peaks measured. The introduction of the CCE concept made it possible to analytically determine ka and kd from CE peaks by the moment theory. It is unnecessary to fit elution curves numerically calculated to experimental data for determining ka and kd. It is concluded that the MKCCE method is effective for the kinetic study of intermolecular interactions. The MKCCE method has some advantageous characteristics for the study of affinity kinetics. It is required to acquire more analytical results for the kinetic study of chemical and biological affinity interactions to demonstrate the effectiveness of the MKCCE method. This is the subject under investigated.
